The [4π+2π] cycloaddition of non-classical heterocyclic-fused-[c]thiazoles was explored allowing the synthesis of a range of new nitrogen-bridged bi-, tri-and tetracyclic heterocyclic compounds namely, pyrazolo[1,5-a]pyridines, thiazolo[2,3,4-cd]pyrrolizines and indolizines. For the first time, one nonclassical pyrrolo[1,2-c]thiazole was isolated and its structure determined by X-ray crystallography.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
This chemistry allows the synthesis of interesting nitrogen-bridged bicyclic and tricyclic heterocyclic compounds namely, pyrazolo[1,5-a]pyridines, thiazolo [2,3,4-cd] pyrrolizines and indolizines. In fact, indolizine is an important structural unit commonly found in naturally occurring alkaloids and biologically active molecules, thus representing an important class of heterocycles in drug discovery. For instance, substituted indolizines have shown antioxidant 4 and antimycobacterial properties, 5 while some derivatives are slow-channel calcium antagonists 6 and others show inhibitory activity of secretory phospholipases A 2 , 7 phosphatase 8 and 15-lipoxygenase. 9 On the other hand, indolizine-glyoxylamides showed cytotoxicity against multidrug resistant cancer cell lines. 10 Parkinson's disease. 11 Some derivatives were found to be selective adenosine A 1 receptor antagonists with potent diuretic 12 and herpetic activity. 13 More recently a 2,3-substituted pyrazolo[1,5-a]pyridine was identified as a promising p38 kinase inhibitor. 14 In this context, the chemistry of non-classical heterocyclic-fused-[c]thiazoles was further explored aiming to access a range of new nitrogen-bridged bicyclic and tricyclic heterocyclic compounds. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 endo-cycloadduct 3b in 8% yield (Table 1 , Entry 1). Longer reaction time led to compound 3a in low yield, indicating lack of stability of the cycloadducts to these reaction conditions ( ACCEPTED MANUSCRIPT   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 The non-classical thiazole 2b reacts with DMAD giving pyrazolo[1,5-a]pyridine 6 resulting from the initial cycloaddition across the thiocarbonyl ylide portion of 2b followed by spontaneous loss of sulphur.
Results and Discussion

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
M A N U S C R I P T A C C E P T E D
Carrying out the reaction in boiling acetic anhydride for 4 h compound 6 was obtained in only 26% yield but with a longer reaction time the yield could be improved to 45% ( 3 On the other hand the coefficients in the HOMO suggest that the addition across both thiocarbonyl ylide and azomethine or azomethine imine ylide portion of 2a and 2b, respectively, would be possible. However, exclusive formation of pyrazolo[1,5-a]pyridine adducts from 2b in contrast with the synthesis of both types of adducts from 2a can be explained considering the type of bonds being formed in each case. As mentioned by the authors, the calculation did not take into account this fact. In the case of 2a both types of additions lead to two new carbon-carbon bonds whereas in the case of 2b addition across the thiocarbonyl ylide moiety also leads to two new carbon-carbon bonds but the addition across the azomethine imine portion would lead to the formation of a carbon-carbon bond and to a less favourable carbon-nitrogen bond.
The work was extended to the synthesis and reactivity of new 3-benzyl and 2-oxo-3-methyl-1H,3Hpyrrolo[1,2-c]thiazoles 8a and 8b in order to evaluate the scope of this approach to nitrogen-bridged heterocycles (Scheme 2, Tables 3 and 4 ). 1H,3H-Pyrrolo[1,2-c]thiazole 7a and 7b were prepared by a known procedure 15 and converted into the corresponding sulfoxides 8 by oxidation with MCPBA (Scheme 2). ACCEPTED MANUSCRIPT   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Interestingly, the oxidation of chiral 3-benzyl-1H,3H-pyrrolo[1,2-c]thiazole 7a gave the corresponding sulfoxide 8a as a 9:1 mixture of diastereoisomers which could be separated by flash chromatography to give the optically pure sulfoxides. The major isomer was isolated in 76% yield and the minor isomer was obtained in 3% yield. Thus, using an achiral oxidant a diastereoselective reaction was achieved, the stereochemistry of the sulfoxide being induced by the proximity of the chiral center at the αposition of 1H,3H-pyrrolo[1,2-c]thiazole 7a. Chiral sulfoxides are valuable for asymmetric synthesis due to the high asymmetric induction that can be exerted by the chiral sulfinyl group, making them interesting target molecules. 16 Pummerer-type dehydration of 2-oxo-3-benzyl-1H,3H-pyrrolo[1,2-c]thiazole 8a in the presence of Nsubstituted maleimides was studied ( Table 3 ). Under conventional heating for 4 h the cycloaddition reaction with N-phenylmaleimide gave a mixture of the exo-and endo-cycloadducts 9a and 10a in 22% and 20% yield, respectively ( Table 3 , Entry 1). Interestingly, from this reaction the non-classical thiazole 11 resulting from sulfoxide 8a dehydration, was also isolated. The structure of heterocycle 11 was established by X-ray crystallography (Figure 1 ). This compound crystallized, in the monohydrated form, The exo/endo assignments of cycloadducts 9a and 10a were based on previously described 1 H NMR data of similar derivatives, characterized by a larger deshielding effect of the sulphur bridge on the imide α-protons of the endo-cycloadduct. 3, 18 The structural assignment of compound 10a was also supported by two-dimensional HSQC and NOESY spectra (400 MHz). In the NOESY spectrum sulphur bridge proton H-9 (5.28 ppm) shows connectivity with imide α-proton H-9a (3.98 ppm) and aliphatic benzyl protons Under microwave irradiation at 160 ºC for 20 minutes compounds 9a, 10a and 11 were obtained, the heteropentalene 11 being the major product ( The mixture of exo-and endo-cycloadducts 9a/10a and 12/13 underwent elimination of hydrogen sulfide on treatment with sodium methoxide or potassium tert-butoxide to afford indolizines 14 (Scheme 3). Attempts to promote the elimination of hydrogen sulfide with sodium methoxide from adducts 9b/10b
was not successful and led only to the recovery of the staring material. On the other hand, reaction with potassium tert-butoxide led to a complex mixture. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
The heteropentalenes derived from 2-oxo-1H,3H-pyrrolo[1,2-c]thiazoles studied so far were 5substituted heteropentalene 2a or 3,5-substituted heteropentalenes (compound 11 and the heteropentalene derived from 8b). Only the non-classical thiazole 2a reacted as thiocarbonyl ylide in the reaction with Nsubstituted maleimides and as an azomethine ylide with acetylene dicarboxylate. Therefore, considering that steric effects may play a role in the observed reactivity, we decided to prepare and explore the reactivity of new 3,5-unsubstituted heteropentalenes.
3,5-Unsubstituted-1H,3H-pyrrolo[1,2-c]thiazole sulfoxide 18 was prepared as outlined in Scheme 4.
Formylation of thiazolidine 15 in high yield was achieved by the reaction with formic acid and acetic anhydride following a known procedure. 19 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 pyrrolo[1,2-c]thiazole 18 was also carried out in the pesence of NMM under different reaction conditions ( as an azomethine ylide.
Table 5
Cycloaddition of the heteropentalene generated from 2-oxo-1H,3H-pyrrolo[1,2-c]thiazole 18. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 either in boiling acetic anhydride or under sealed tube thermolysis ( Table 6 , Entries 1-3). However, under microwave irradiation only traces of these products could be detected ( Table 6 , Entry 4). The structure of heterocycle 27a was determined by X-ray crystallography ( Figure 2 ). This compound crystallized as colourless prisms in the triclinic system within P-1 space group, as a racemic mixture. All distances and angles are within the expected values for similar compounds. 17 The compound displays an endo configuration, which is attested not only by the torsion angles around C4a-C4b and C7a-C7b (see Supplementary Information), but also from the angles between planes [C4b-C5-N6-C7-C7a] and [C4a- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65
The dehydration of sulfoxide 24 in the presence of N-methylmeleimide was also explored, which led to the exclusive formation of the endo-cycloadduct 27b (Scheme 10). Carrying out the reaction in boiling acetic anhydride for 7 h compound 27b was obtained in 50% yield ( Thus, steric and electronic factors must be considered in order to rationalize the observed selectivity.
Conclusions
The For the first time, one non-classical pyrrolo[1,2-c]thiazole was isolated and its stucture determined by X-ray crystallography.
Experimental
General Methods.
1 H NMR spectra were recorded on an instrument operating at 300 or at 400 MHz. 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 = + 85 (c 1, CH 2 Cl 2 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 was prepared in the same manner described above, except that the reaction was carried at room temperature for 30 min. The crude product was purified by flash chromatography [hexane-ethyl acetate 
Dimethyl 2-oxo-3,5-dimethyl-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate (8b). This compound M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
General procedures for generation and trapping of pyrrolo[1,2-c]thiazole and pyrazolo[1,5-
c]thiazole heteropentalenes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 chromatography [hexane-ethyl acetate (2:1), then (1:1)] gave, in order of elution, exo-adduct 3a (54%) and endo-adduct 3b (8%) both as solids.
Method B (reaction time: 4 h). Trituration of the residue with ethyl acetate followed by purification by flash chromatography [hexane-ethyl acetate (2:1), then (1:1)] gave, in order of elution, exo-adduct 3a
(58%) and endo-adduct 3b (14%).
Method C (temperature set to 180 ºC for 20 min). Purification by flash chromatography [hexane-ethyl acetate (1:1)] gave, in order of elution, exo-adduct 3a (73%) and endo-adduct 3b (10%).
Dimethyl 1, 3-dioxo-6-methyl-2-phenyl-4,9-epithio-2,3,3a,4,9, 9a-hexahydro-1H-pyrrolo [3,4- Dimethyl 1, 3-dioxo-6-methyl-2-phenyl-4,9-epithio-2,3,3a,4,9, -4,9-epithio-2,3,3a,4,9,9a-hexahydro-1H-pyrazolo[1,5-a] pyrrolo [3,4- c]pyridine-7,8-dicarboxylate (5) .
Dimethyl 1,3-dioxo-2-phenyl
Method A (reaction time: 7 h). Trituration of the residue with methanol followed by recrystallization with the same solvent gave exo-adduct 5 (76%).
Method B (reaction time: 7 h). Trituration of the residue with methanol followed by recrystallization with the same solvent gave exo-adduct 5 (71%).
Method C (temperature set to 180 ºC for 15 min). Trituration of the residue with methanol followed by recrystallization with the same solvent gave exo-adduct 5 (54%) which was identified by comparison with the specimen previously prepared.
Dimethyl 1, 3-dioxo-2-phenyl-4,9-epithio-2,3,3a,4,9, 9a-hexahydro-1H-pyrazolo[1, 5-a] pyrrolo [3,4- c]pyridine-7,8-dicarboxylate (5) . White solid, mp 199-201 ºC lit. 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 9-epithio-2,3,3a,4,9 ,9a-hexahydro-1H-pyrrolo [3,4- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 f]indolizine-7, 8- (1:1)] gave, in order of elution, 11 (21%), endo-adduct 10b (39%) and exo-adduct 9b (10%).
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Method B (reaction time: 4 h). Purification by flash chromatography [hexane-ethyl acetate (2:1), then
(1:1)] gave, in order of elution, 11 (16%) and endo-adduct 10b (10%).
Method C (temperature set to 160 ºC for 20 min). Purification by flash chromatography [hexane-ethyl acetate (2:1), then (1:1)] gave, in order of elution, 11 (16%), endo-adduct 10b (8%) and exo-adduct 9b (6%).
Compound 11 was characterized by comparison with a specimen previously prepared.
Dimethyl 1,3-dioxo-4-benzyl-2, 6-dimethyl-4,9-epithio-2,3,3a,4,9, 3-dioxo-4,6-dimethyl-2-phenyl-4,9-epithio-2,3,3a,4,9, 9a-hexahydro-1H-pyrrolo [3,4- f]indolizine-7, 8-dicarboxylate (12a, exo) and (13a, endo). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 chromatography [hexane-ethyl acetate (2:1), then (1:1)] gave, in order of elution exo-adduct 12a (39%) and endo-adduct 13a (15%).
(1:1)] gave exo-adduct 12a (36%).
Method C (temperature set to 140 ºC for 20 min). Trituration of the residue with methanol followed by purification by flash chromatography [hexane-ethyl acetate (2:1), then (1:1)] gave exo-adduct 12a (20%).
Dimethyl 1, 3-dioxo-4,6-dimethyl-2-phenyl-4,9-epithio-2,3,3a,4,9, 9a-hexahydro-1H-pyrrolo [3,4- Dimethyl 1, 3-dioxo-4,6-dimethyl-2-phenyl-4,9-epithio-2,3,3a,4,9, (1:1)] gave, in order of elution, exo-adduct 12b (20%) and endo-adduct 13b (19%).
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